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Loading of an Mcm Protein onto DNA Replication
Origins Is Regulated by Cdc6p and CDKs
Tomoyuki Tanaka,* Dunja Knapp,* and Kim Nasmyth regard to the control of DNAreplication (Nasmyth, 1996).
At a crude level, the initiation of DNA replication can beResearch Institute of Molecular Pathology
considered as a two step process: assembly of compe-A-1030 Vienna
tence factors onto chromosomes followed by activationAustria
of S-CDK and Cdc7 kinases (Diffley, 1996; Stillman,
1996).
The principle by which cells prevent origin refiringSummary
before sister chromatids have beenseparated is thought
to derive from a second property of CDKs, which is toIn eukaryotic cells, firing of DNA replication origins
block chromosomes' acquisition of competence (Dah-normally does not recur until after M phase. This char-
mann et al., 1995). One or another S- or M-CDK is activeacteristic is thought to be due to the properties of
from the beginning of S phase until the destruction ofªinitiationº proteins like Orc, Cdc6, and Mcms. Using
M phase cyclins during anaphase, and their presenceformaldehyde cross-linking, we show that Cdc6p and
is thought to prevent replication origins from switchingMcm7p associate specifically with replication origins
to a competent state during this entire period. As pre-during G1 but not during G2 in S. cerevisiae. Mcm7p's
dicted by this hypothesis, factors like Cdc6 can onlyassociation with origins depends on Cdc6p. Ectopic
promote competence during G1 when S- and M-CDKsexpression of Cdc6p enables it to associate with ori-
are inactive (Piatti et al.,1996). Thus, origin firing requiresgins during G2, but this fails to recruit Mcm7p. Our
a period of low CDK activity, which permits the acquisi-
data suggest that the loading of Mcm proteins onto
tion of competence, followed by a period of high CDK
origins is regulated by two mechanisms: first, by activity, which permits competent origins to fire. Be-
Cdc6p occupancy, and second, by S- and M-CDKs, cause the second step in the initiation of DNA replication
whose activity during S, G2, and M phases prevents also blocks the first, origins can fire only once per CDK
Mcm loading. cycle.
Chromosomes' acquisition of competence has thus
Introduction far only been directly assayed in Xenopus extracts,
where it has been called ªlicensingº (Blow, 1996). This
A key problem that confronts all cells is how to ensure reaction depends on the binding to chromatin of ORC,
that all of their genomic DNA sequences are replicated Cdc6p, and Mcm proteins. Depletion of ORC or Cdc6p
equally. Bacteria achieve this goal by amalgamating prevents not only the binding of Mcm proteins to chro-
their genome in a single chromosome, which is dupli- matin but also its licensing for replication. Meanwhile,
cated by a pair of replication forks that diverge from a binding of Cdc6p to chromatin depends on ORC but
single origin of DNA replication. However, it takes a not on Mcm proteins (Kubota et al., 1995; Coleman et
bacterium such as E. coli at least forty minutes to dupli- al., 1996; Romanowski et al., 1996; Rowles et al., 1996).
cate its genome of rather modest size. Eukaryotic cells It is currently thought that ORC recruits Cdc6p, which
in turn recruits Mcm proteins onto chromatin. Mcm pro-duplicate their chromosomes using multiple replication
teins are bound to chromatin during G1 but not duringorigins, which enables them to replicate far larger ge-
G2 or M phase in somatic animal cells (Todorov et al.,nomes in a much shorter space of time. This strategy
1995), which could explain why G1 but not G2 nucleineeds mechanisms that prevent individual origins from
are triggered to initiate DNA replication when cells arefiring more than once per cell cycle.
fused to S phase cells (Rao and Johnson, 1970).Genetic studies in yeast have identified two sets of
Studying whether competence factors act at replica-factors needed for the initiation of DNA replication. The
tion origins in animal cells has been hampered by diffi-first includes the six-subunit origin recognition complex
culties in identifying sequences that confer initiation.(ORC), six related proteins of the Mcm family (Mcm2-7),
These have been best characterized in the buddingand an unstable protein Cdc6. It is thought that the
yeast S. cerevisiae, in which DNA replication initiatesbinding of these proteins to chromatin during G1 renders
from 300±400 sites whose activity is due to 100±200 bpit ªcompetentº to respond to the second set of factors,
long autonomously replicating sequences (ARSs). Originwhose activation in late G1 is thought to be the actual
firing conferred by ARSs requires an 11 bp ARS consen-ªtriggerº for initiation. This second set of proteins in-
sus sequence (ACS), which must be flanked by a variablecludes a family of protein kinases (S-CDKs) whose activ-
number of B elements (Campbell and Newlon, 1991).ity depends on cyclin regulatory subunits (Clb5 and 6
ACSs are bound by the origin recognition complex
in Saccharomyces cerevisiae, cyclin E in animal cells),
(ORC). ORC binding produces a characteristic DNAseI
and a protein kinase (Cdc7) whose activity depends
ªfootprintº in vitro, which is also recognizable in chroma-
on a regulatory subunit called Dbf4. Kinases related to tin assembled in vivo. These genomic footprinting stud-
S-CDKs, known as M-CDKs (whose activity depends on ies suggest that ORC is bound to origins throughout the
Clb1-4 in S. cerevisiae and cyclin B in animal cells), cell cycle. Sequences neighboring the ORC footprint (B
trigger entry into mitosis. In both budding and fission elements) are exposed to DNAseI during G2 and M
yeast, S- and M-CDKs have overlapping functions with phase but become protected as cells exit from mitois
and enter G1 (Diffley et al., 1994; Santocanale and Dif-
fley, 1996). This extension of the footprint depends on*The first two authors contributed equally to this work.
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de novo synthesis of Cdc6 (Cocker et al., 1996), which (Klein et al., 1992) to test whether these proteins are
associated with chromatin. Spheroplasts were lysed onsuggests that it reflects changes at origins that render
them competent to fire in response to S-CDK and Cdc7 microscope slides in the presence of detergent and
formaldehyde. Chromosomes but little else settle ontokinases. It is not, however, possible to ascertain from
genomic footprinting what proteins actually arrive at and stick to the slide, which enables the subsequent
detection of proteins associated with them by in situorigins as cells exit from mitosis.
Using formaldehyde cross-linking (Strahl-Bolsinger et immunofluorescence using a monoclonal antibody di-
rected against the Myc epitopes attached to these pro-al., 1997), we have measured the association of ORC,
Cdc6p, and an Mcm protein with specific DNA se- teins. Most soluble nuclear proteins, including abundant
ones like a karyopherin b±like protein Cse1-Myc, arequences in live yeast cells. We show that not only ORC
but also Cdc6p and Mcm7p associate specifically with almost entirely washed awayby this protocol and cannot
be detected colocalizing with chromatin. A sizable frac-ARSs. Unlike ORC, Cdc6p and Mcm7p bind during G1
but not during G2 or M phases. We also show that tion of Orc2-Myc, in contrast, is tightly associated with
chromatin (Figure 1A). Orc2-Myc was associated withMcm7p binding to origins depends on Cdc6p. However,
the absence of Mcm7p from origins during G2 is not chromatin in all nuclei from an asynchronous culture,
solely due to lack of Cdc6p, because Mcm7p still fails including ones undergoing anaphase, which is consis-
to bind origins at this stage of the cell cycle when the tent with the observation that ACSs are ªoccupied,º
association of Cdc6p toG2 origins is induced by ectopic presumably by ORC, for most, if not all, of the cell cycle
Cdc6p expression. Our data suggest that Mcm loading (Diffley et al., 1994).
onto origins is promoted by the binding of Cdc6p and In chromosome spreads from cells expressing Cdc6-
inhibited, even in the presence of Cdc6p, by the activity Myc or Mcm7-Myc, we found strong staining associated
of CDKs. with some nuclei and negligible staining associated with
others (data not shown). To test whether this heteroge-
Results neity is due to cell cycle position, we analyzed chromo-
somes as unbudded G1 cells isolated by elutriation pro-
gressed through the cell cycle. Cdc6-Myc was alreadyCell Cycle±Dependent Association of Cdc6p
and Mcm7p with Chromatin associated with chromatin at a moderate level in early
G1. This association increased later in G1, when thereCdc6 and Mcm proteins are located within the nucleus
during G1 in yeast.We firstused chromosome spreading is a fresh burst of Cdc6p synthesis, but disappeared
Figure 1. Cdc6 and Mcm7 Proteins Associ-
ate with Chromatin ina Cell Cycle±Dependent
Manner
(A) In situ immunofluorescence and chromo-
some spreads from asynchronous diploid
cells of strain K6509 (ORC2-Myc9) or K6872
(CSE1-Myc9; Zachariae et al., 1996). (nom.)
and (DAPI) denote Nomarski optics and dia-
midophenylindole DNA staining,respectively.
(B) Cdc6p associates with chromatin during
the cell cycle. Small G1 diploid cells of strain
K6464 (CDC6-Myc27) were isolated by cen-
trifugal elutriation and then incubated in
YEPR (YEP plus raffinose) at 258C. Pictures
labeled as early G1, late G1, and G2/M corre-
spond approximately to the time points 0, 60,
and 140 min, respectively, of the FACS data
of Figure 3.
(C) Mcm7p associates with chromatin during
the cell cycle. G1 diploid cells of K6465
(MCM7-Myc7) were isolated by elutriation
and then incubated in YEPR at 258C. Pictures
labeled as early G1, late G1/S, and G2/M cor-
respond approximately to the time points 0,
100, and 140 min, respectively, of the FACS
data of Figure 3.
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Figure 2. In Vivo Association of Orc2, Cdc6,
and Mcm7 Proteins with ARSs Detected by
Formaldehyde Cross-Linking
(A) Genomic intervals near or at ARS1 (and
ARS305) amplified by PCR primers.
(B) Association of Orc2p with ARS1 (top) and
ARS305 (bottom) in vivo. PCR was performed
on chromatin fragments isolated after the im-
munoprecipitation procedure (lanes 1±4), or
on those from the whole cell extract (WCE)
with prior cross-linking (lane 5) or serial 4-fold
dilution thereof (lanes 6 and 7). These sam-
ples were prepared from K6447 (ORC2-Myc9;
lanes 2±7) or K699 (no Myc tags; lane 1) cells
grown in YEPR at 258C. Immunoprecipitation
procedures were performed with (lanes 1±3)
or without (lane 4) prior cross-linking, with
(lanes 1, 3, and 4) or without (lane 2) anti-Myc
antibody.PCR on WCE samples of K699 gave
results similar to those in the case of K6447
(data not shown).
(C) Association of Cdc6p and Mcm7p with
ARS1 (top) and ARS305 (bottom) in vivo. PCR
was performed on chromatin fragments iso-
lated after the immunoprecipitation proce-
dure (lanes 1±8), or those from the WCE with
prior cross-linking (lane 9). These samples
were prepared from K699 (no Myc tags; lane
1), K6210 (MCM7-Myc7; lanes 2±4 and 9),
K6302 (CDC6-Myc18; lanes 5±7) or K6182
(CSE1-Myc9; lane 8) cells grown in YEPR at
258C. Immunoprecipitation procedures were
performed with (lanes 1±3, 5, 6, and 8) orwith-
out (lanes 4 and 7) prior cross-linking, with
(lanes 1, 3, 4, and 6±8) or without (lanes 2 and
5) anti-Myc antibody. PCR on WCE samples
from K699, K6302, and K6182 cells gave re-
sults similar to that from K6210 (data not shown).
(D) ARS1 mutations abolish association of Orc2p, Cdc6p, and Mcm7p with ARS1 (top) but not with ARS305 (bottom) in vivo. PCR was
performed on chromatin fragments isolated after the immunoprecipitation procedure (lanes 1±12), or on those from the WCE with prior cross-
linking (lanes 13±15). These samples were prepared from cells without Myc tags (lanes 1±3) or with ORC2-Myc9 (lanes 4±6), MCM7-Myc7
(lanes 7±9 and 13±15) or CDC6-Myc18 (lanes 10±12). These cells harbor wild-type ARS1 (TRP11) (lanes 1, 4, 7, 10, and 13), a mutation in
element A (or ACS) (TRP11 ARS1::860T→G) (lanes 2, 5, 8, 11, and 14) or mutations in element B1-3 (TRP11 ARS1::756, 758, 798±805, 835±842)
(lanes 3, 6, 9, 12, and 15) within ARS1 on their chromosomes (Marahrens and Stillman, 1994). PCRs on chromatin fragments from WCEs of
strains expressing no Myc tag, Orc2-Myc, or Cdc6-Myc gave the results similar to those in case of Mcm7-Myc (data not shown). Among
ARS1 mutants and its wild type, there was no significant difference in DNA contents measured by FACS (data not shown).
abruptly at around the time cells replicated their DNA was negligible during G2 and M phases. Unlike Cdc6p,
the amount of Mcm7p does not fluctuate during the(Figure 1B). It did not reappear until cells completed
mitosis. Association of Cdc6-Myc with chromosomes cell cycle. However, its distribution within the cell does
change (Dalton and Whitbread, 1995; Figure 3B).Mcm7pparalleled the abundance of Cdc6-Myc within nuclei,
as measured by in situ immunofluorescence. From low is exclusively nuclear during G1 but accumulates in the
cytoplasm during G2 and M phases. The cell cycle regu-levels in early G1 cells, nuclear Cdc6-Myc increased in
abundance during late G1, decreased dramatically after lation of Mcm7p's association with chromatin is consis-
tent with that of other Mcm proteins in Xenopus eggcells entered S phase, and did not reappear until telo-
phase (data not shown). In orc2-1 mutantcells incubated extracts (Kubota et al., 1995; Coue et al., 1996).
at the restrictive temperature, association of Cdc6-Myc
with chromosomes during late G1 was greatly reduced ORC Association with ARSs Detected
by Cross-Linking(data not shown).
We obtained broadly similar results when we analyzed To measure the association of ORC with specific DNA
sequences in vivo, we prepared extracts from cellsa strain expressing Mcm7-Myc (Figure 1C). The amount
of Mcm7-Myc associated with chromosomes increased treated with formaldehyde, sheared chromatin to an
average size of 500 bp, and used PCR to measure theas cells progressed through G1, though in this case
the amount of protein within nuclei remained roughly abundance of specific sequences bound to immunopre-
cipitated Myc-tagged proteins. We used four sets ofconstant, as detected by in situ immunofluorescence
(data not shown). Mcm7-Myc's association with chro- PCR primers to amplify three regions surrounding ARS1
and one including ARS1. We employed a similar proce-matin lasted longer than that of Cdc6, but nevertheless
disappeared as cells progressed through S phase, and dure for ARS305 (Figure 2A). Both of these two origins
Cell
652
fire once during most if not all S phases (Campbell and
Newlon, 1991). All four fragments from each locus were
similarly amplified from sheared chromatin. In contrast,
fragments containing ARS1 and ARS305 were preferen-
tially amplified from immunoprecipitates made from
cells expressing Orc2-Myc using the Myc-specific anti-
body. This preferential amplification of ARS-containing
fragments did not occur with immunoprecipitates pre-
pared from cells expressing Cse1-Myc or from cells that
did not express any Myc-tagged protein (Figures 2B and
2C). Preferential amplification of ARS fragments also
depended on treatment with formaldehyde and on the
inclusion of anti-Myc antibody during the immunopre-
cipitation procedure (Figure 2B). The preferential ampli-
fication of ARS1 but not of ARS305 (from the same
DNA preparation) was abolished by a point mutation in
ARS1's ACS (or A element) that greatly reduces ORC
binding in vitro and firing in vivo (Marahrens and
Stillman, 1994; Rao and Stillman, 1995) (Figure 2D). It
was also abolished by a combination of B element muta-
tions that reduce ARS1 function. These data demon-
strate that immunoprecipitation of DNA cross-linked to
Orc2p is a reliable method of measuring ORC's occu-
pancy of origins in vivo. They also show that ORC does
not associate with many sites within chromatin. Its
binding in vivo may be restricted to ARS sequences.
Cell Cycle±Dependent Association of Cdc6p
and Mcm7p with Origins
We used the same procedure to test whether Cdc6p
Figure 3. Cell Cycle±Regulated Association of Cdc6p and Mcm7pand Mcm7p associate specifically with origins. ARS-
with ARSscontaining fragments but not neighboring ones were
Association of Cdc6p and Mcm7p with ARSs in synchronized cells.preferentially amplified in anti-Myc immunoprecipitates
G1 diploid cells of strain K6691 (CDC6-Myc18) or K6465 (MCM7-from cells expressing Cdc6-Myc. Furthermore, the pref-
Myc7) were isolated by elutriation and then incubated in YEPR at
erential amplification of ARS1 but not ARS305 se- 258C. PCR was performed on immunoprecipitates derived from the
quences was abolished by ACS and B element muta- same volume of cross-linked cells at each time point or chromatin
tions at ARS1 (Figures 2C and 2D). This suggests that fragments from WCE (at 0 min). The percentage of budded cells and
the cells with long spindle (and cells showing nuclear accumulation,Cdc6p, like ORC, associates specifically with ARS se-
counted after in situ immunostaining, of Mcm7p in the case ofquences in vivo. We measured Cdc6p's association with
K6465), and DNA contents measured by FACS are also shown.ARSs as unbudded G1 cells, isolated by elutriation,
Cdc6-Myc showed a time course of association with ARS305 similar
progress through the cell cycle (Figure 3). Association to that with ARS1 (data not shown).
was already high in the starting culture of small unbud-
ded cells, presumably as a consequence of the burst
of Cdc6 synthesis at the end of mitosis. It remained 1996). Furthermore, all six Mcm proteins (Mcm2-7) are
high for much of G1, decreased at the start of S phase, essential for the initiation of DNA replication in yeast.
remained low duringG2 and metaphase, but reappeared To investigate whether one Mcm protein is required for
during telophase, just before cytokinesis. This pattern another to associate with origins, we compared the as-
is similar to that of the Cdc6-dependent footprint at sociation of Mcm7-Myc with ARS1 in wild type and
origins (Diffley et al., 1994). A similar set of experiments mcm5-1 (cdc46-1) mutants as cells were released from
using cells expressing Mcm7-Myc (Figures 2C, 2D, and nocodazole arrest (at 258C) into a factor-containing me-
3) show that Mcm7p associates with ARS1 and ARS305 dium at 378C. Mcm7p associated with ARS1 in wild type
but not with their adjacent sequences throughout G1. butnot in the mcm5-1mutant cells, as they accumulated
Mcm7p leaves origins during S phase, which is some- with a 1C DNA content. Mcm7p also failed to associate
what later than Cdc6p, and does not reassociate until with ARS1 in orc5-1 mutants. Mcm7p's accumulation
telophase. This pattern of association is paralleled by within nuclei as cells entered G1 was unaffected by
Mcm7p's accumulation within nuclei. orc5-1 but greatly reduced by mcm5-1. Mcm7p's asso-
ciation with origins depends therefore on both ORC and
on another Mcm protein. Using a similar experimentalRole of Mcm5, Orc5, and Dbf4 in Mcm7p's
Association with Origins protocol, we observed that Cdc6-Myc associates with
ARS1 in wild type and mcm5-1 mutants but not in orc5-1Different members of the Mcm protein family interact
with each other and can be isolated from certain cells mutants (data not shown).
To investigate whether the Dbf4p-dependent Cdc7as a large complex (Henderickson et al., 1996; Lei et al.,
Mcm and Cdc6 Association with Replication Origins
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Figure 4. Association of Mcm7p with ARSs
and Chromatin Depends on the Presence of
Cdc6p
Early G1 cells of strain K6484 (MATa/a GAL-
ubi-CDC6 Dcdc6 [Piatti et al., 1996] MCM7-
Myc7) were isolated by elutriation 75 min
after removal of galactose. They were then
incubated in either YEPR (Gal2) or YEPRGal
(YEPR plus galactose; Gal1) medium at 258C.
(Top) Association of Mcm7p with ARS1 and
ARS305. (Bottom) Representative pictures of
chromosome spread assay at 0, 40, and 120
min in YEPRGal. Spreads from cells incu-
bated in YEPR were identical at all times from
0 to 180 min.
protein kinase (Jackson et al., 1993) is needed to main- fusion under control of the GAL promoter (GAL-ubi-
CDC6). Cells from this strain synthesize Cdc6pand repli-tain the association of Mcm7p with origins, we com-
pared the association of Mcm7-Myc with ARS se- cate DNA only in the presence of galactose (Piatti et al.,
1996). From a culture that had been shifted 75 minutesquences in wild type and dbf4-1 mutant cells as small
G1 cells (obtained by elutriation) progress through the previously from galactose to raffinose, we isolated by
centrifugal elutriation a population of unbudded G1 cellscell cycle at 378C. Association was identical up to the
point at which cells budded, whereupon Mcm7p disap- lacking Cdc6p, which was then split into two. One half
of the population was incubated in the presence andpeared from ARS1 and ARS305 in wild-type cells, which
duplicated theirDNA, butnot indbf4-1 cells, which failed the other half incubated in the absence of galactose
(Figure 4). Unlike wild-type cells treated in the sameto do so (data not shown). We conclude that the Dbf4/
Cdc7 kinase is not needed to maintain the association way, little or no Mcm7p could be detected at ARS1 or
at ARS305 in the starting culture of unbudded G1 cellsof Mcm proteins with origins but is required for the
process that causes them to be released. Our conclu- (0 min). This state of affairs continued as cells grown in
the absence of galactose progressed through the cellsion is consistent with the persistence of prereplicative
ªgenomic footprintsº at origins in cdc7 mutants (Diffley cycle. As expected, these cells failed to replicate their
DNA. However, in the culture grown in the presence ofet al., 1994). S- and M-CDKs are activated on schedule
in dbf4 mutants (Toyn et al., 1995), which suggests that galactose, Mcm7p appeared within 20 min at ARS1 and
ARS305. It persisted at these origins until cells enteredCDK activity per se does not cause unloading of Mcm7p
from origins, even though it may inhibit loading (see S phase and then disappeared (during G2 and M phases)
despite thecontinued synthesis of Cdc6p. We also com-below).
pared the amount of Mcm7p bound to chromosomes in
these two populations (Figure 4). Mcm7p was detectedAssociation of Mcm7p with Origins
Depends on Cdc6p on chromosomes within 30 min after galactose induc-
tion, and it persisted until late G1 or the beginning of SThe arrival of Cdc6p at ARSs during telophase is pre-
sumably dependent on the abrupt reaccumulation of phase. In contrast, it could not be detected at any points
on chromosomes isolated from cells grown in the ab-Cdc6p in nuclei at the end of mitosis (Piatti et al., 1996)
but not on that of Mcm proteins (see above). The cell sence of galactose. We conclude that de novo synthesis
of Cdc6p is essential for the loading of Mcm7p ontocycle profile of Mcm7p's association with origins resem-
bles that of Cdc6p. Might Cdc6p promote association yeast chromosomes and their origins. Donovan et al.
(1997) have come to similar conclusions using sedimen-of Mcm7p with ARS sequences? The recent observation
that loading of Mcm3p onto chromatin in Xenopus ex- tation of yeast chromatin.
By measuring also the cellular location of Mcm7-Myctracts is abolished by immunodepletion of Cdc6p (Cole-
man et al., 1996) suggests that it might. To test this, in the two cultures by in situ immunofluorescence, we
were able to evaluate whether Cdc6p is directly neededwe constructed a Mcm7-Myc-expressing strain whose
endogenous CDC6 gene had been deleted (Dcdc6) and for loading Mcm7p onto chromosomal origins or merely
required for it to enter nuclei. Mcm7p was concentratedreplaced (albeit at another locus) by a ubiquitin-CDC6
Cell
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within nuclei of most cells in the starting population of spreading (data not shown). We conclude that cells lose
the ability to load Mcm7p onto chromosomal origins inG1 cells that lacked Cdc6p, though to somewhat lower
response to de novo Cdc6p synthesis at around theextent compared with wild-type cells (Figure 4). Cdc6p
time at which they form buds and activate S-CDKs.is therefore not required for the accumulation of Mcm7p
within nuclei that coincides with Cdc6p synthesis during
Cdc6p's Association with Origins Is Insufficienttelophase. Furthermore, induction with galactose for 20
for Loading Mcm7pmin had little difference on the distribution of Mcm7p
Because the loading of Mcm7p onto chromosomal ori-between nucleus and cytoplasm, despite it having
gins depends on Cdc6p, the lack of Mcm7p loadingcaused Mcm7p to load onto origins. Accumulation of
onto origins when Cdc6p synthesis is delayed past aMcm7p within nuclei is therefore not sufficient for its
critical point might be due solely to a failure to loadloading onto origins; Cdc6p is required to facilitate load-
Cdc6ponto originspast this point. To address this issue,ing onto origins of Mcm7p already present within nuclei.
we used a strain whose sole active CDC6 gene wasOn the other hand, the presence of Cdc6p in galactose-
tagged at its N terminus with Myc epitopes andgrown cells did lead to a longer retention of Mcm7p
expressed from the GAL promoter (GAL-Myc9-CDC6;within nuclei (Figure 4). It accumulated in the cytoplasm
Piatti et al., 1996). From a culture that had been shiftedmore rapidly in cells grown in the absence of Cdc6p.
75 min previously from galactose to raffinose, we iso-These data suggest that a process independent of
lated by centrifugal elutriation a population of unbuddedCdc6p causes Mcm proteins to accumulatewithin nuclei
G1 cells lacking Cdc6p and incubated them in the pres-during telophase (when CDKsare inactivated) and within
ence of galactose. There was little or no Myc-Cdc6the cytoplasm at the beginning of S phase (when CDKs
associated with ARS1 in the starting population (or inare reactivated). However, by facilitating the loading of
ones incubated in raffinose). Myc-Cdc6 associated withMcm7p onto chromatin, Cdc6p might cause Mcm7p to
ARS1 soon after induction from the GAL promoter andbe retained within nuclei for longer (that is, during early
remained there throughout the succeeding cell cycleS phase in the presence of active CDKs) than occurs
(data not shown). Thus, Cdc6p is capable of binding towhen it is not tightly associated with chromatin.
origins during G2 if its concentration within the nucleus
is maintained by ectopic gene expression. To analyze
the consequences on Mcm7p of loading Cdc6p ontoCdc6p Loses the Ability to Load Mcm7p onto Origins
origins during G2, we repeated the experiment using anat the Time of S-CDK Activation, Even When
Mcm7-Myc-expressing strain whose CDC6 gene wasCells Do Not Initiate DNA Replication
tagged at the N terminus with HA epitopes and ex-We observed that Mcm7p dissociates from origins as
pressed from the GAL promoter (GAL-HA3-CDC6). Wecells progress through S phase, even when Cdc6 syn-
were thus able to measure the loading onto origins ofthesis persists throughout the cell cycle (Figure 4). There
HA-Cdc6 and Mcm7-Myc using the same samples (Fig-are at least two explanations for this result. First, a pro-
ure 6A). We found that, whereas HA-Cdc6 was associ-
cess that occurs as a consequence of successful
ated with ARS1 from the point of its induction in small
initiation (for example, movement of replication forks)
unbudded cells until the end of the cell cycle, Mcm7-
could both remove Mcm7p from origins and establish
Myc was associated only during G1 (and possibly early
a block to its rebinding. Alternatively, some other cell S phase). We conclude that the loading of Mcm proteins
cycle±related process unconnected with replication per onto chromosomal origins is not just regulated by their
se (for example, S-CDK activation) may inhibit the load- occupancy by Cdc6p. Mcm7p cannot associate with
ing of Mcm7p onto origins mediated by Cdc6p. For ex- origins in cells that have activated CDKs, even when
ample, the initiation of DNA replication depends on these origins are occupied by Cdc6p.
Cdc6p being synthesized before activation of S-CDKs, It is nevertheless possible that Cdc6 is capable of
which therefore corresponds to a ªpoint of no returnº binding to replicated but not unreplicated origins after
after which a Cdc6 deficiency cannot be reversed (Piatti CDK activation. Thus, Cdc6's point of no return could
et al., 1996). still be due in part to an inhibition by CDKs of Cdc6p's
To investigate whether the point of no return phenom- ability to bind unreplicated origins; that is, ones not
enon could be explained by cells' failure to load Mcm previously occupied by Cdc6p. To test this, we com-
proteins onto origins, we performed a variation of the pared the ability of HA-Cdc6 and Mcm7-Myc to associ-
experiment described above in Figure 4. This time, we ate with ARS1 when HA-Cdc6 (as the sole Cdc6p in the
varied the time of galactose-induced Cdc6p synthesis cell) was synthesized de novo from the GAL promoter
(Figure 5). Unbudded G1 cells that had been deprived at different times during the outgrowth of unbudded G1
of Cdc6pwere incubated in raffinose medium.At various cells (Figure6B). As expected, the inductionby HA-Cdc6
intervals, aliquots were removed from this ªparentalº of Mcm7-Myc binding to ARS1 (and DNA replication)
culture and incubated in the presence of galactose to was lost around the time that cells formed buds (the
induce Cdc6p synthesis. Induction of Cdc6p at 20 min time of CDK activation). In contrast, HA-Cdc6 was able
and at 40 min after incubation in raffinose led to immedi- to bind ARS1 well after the point of no return, albeit
ate loading of Mcm7p onto ARS1 and ARS305 and to somewhat more slowly than before it.
complete replication of the genome, whereas induction
at 70 min was largely ineffective in loading Mcm7p onto S- and M-CDKs Regulate the Binding of Mcm7p
both origins; it also failed to promote efficient DNA repli- to Chromosomal Origins
cation. We obtained similar results when we measured Several lines of evidence suggest that CDKs might in-
hibit the binding of Mcm proteins to ARS sequences.Mcm7p association with chromatin using chromosome
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Figure 5. Cdc6p Loses the Ability to Load
Mcm7p onto Origins at the Time of S-CDK
Activation, Even When Cells Do Not Initiate
DNA Replication
G1 cells of strain K6484 (see Figure 4) were
isolated by elutriation 75 min after removal
of galactose and then incubated in YEPR at
258C. After 0, 20, 40, and 70 min ([0' Gal], [20'
Gal], [40' Gal], and [70' Gal], respectively),
galactose was added to a final concentration
of 2% to aliquots of the cell culture. Associa-
tion of Mcm7p with ARS1 and ARS305 in vivo
is shown (top). Times (min) show the time
after starting incubation of G1 cells in YEPR.
First, there is an inverse correlation between the timing bursts of Cdc6p synthesis during the yeast cell cycle:
one during telophase and another during late G1. Asof Mcm7p binding to origins and S- or M-CDK activity
(Figure 3). Second, cells lose the ability to load Mcm7p shown in Figure 3, Mcm7p is bound to many if not most
origins in early G1 cells, which must have arisen as aonto origins at the time of S-CDK activation (Figure 5).
Third, the temporary inactivation of S- and M-CDKs by consequence of Cdc6p synthesis during telophase. The
later burst of Cdc6p synthesis is presumably importanta cyclin kinase inhibitory protein (CKI) p40Sic1 in G2 or
in M phase is sufficient to trigger an extra round of DNA for cells that have long G1 periods (for example, very
small daughter cells and cells that have entered station-replication in the absence of nuclear division. It also
induces origins temporarily to adopt a pattern of DNAseI ary phase), during which Cdc6p dissociates from origins
and is degraded. The burst of Cdc6p synthesis in latesensitivity characteristic of prereplicative cells (Dah-
mann et al., 1995). Fourth, delaying activation of S-CDKs G1 occurs as part of a large program of gene activation
mediated by two related transcription factors: SBF anddelays Cdc6p's point of no return (Piatti et al., 1996).
We performed two experiments to test this hypothesis MBF (Piatti et al., 1995). Accumulation of the G1 cyclins
Cln1p and Cln2p and the S phase cyclins Clb5p anddirectly. First, we monitored Mcm7-Myc association
with ARS1 and ARS305 in nocodazole-blocked cells Clb6p also occurs as part of this program (Koch and
Nasmyth, 1994). This raises the following problem: if Safter inducing high levels of Sic1p (Figure 7A). For rea-
sons that are not totally clear, this takes 60±120 min to phase cyclins and Cdc6p accumulate in late G1 at
around the same time and if S-CDKs block the assemblyinactivate CDKs in a large fraction of cells, which was
monitored in vivoby measuring rebudding. The accumu- of Mcm proteins onto origins mediated by Cdc6p, how
can late G1 Cdc6p synthesis be effective in promotinglation of Mcm7-Myc within nuclei and association with
originsoccurred with similar kinetics. As expected, reac- DNA replication? We know that it is effective indeed
because expression of Cdc6p solely from the HO pro-tivation of CDKs by repressing SIC1 expression caused
most cells to rereplicate. It also caused a reduction in moter, which is transcribed exclusively in late G1 (in
ash1 mutant), can sustain DNA replication and cell prolif-the amount of Mcm7p associated with origins. Thus,
ªectopicº inactivation of CDKs induces loading of eration (Bobola et al., 1996). A possible solution to this
conundrum is that S phase cyclin accumulation doesMcm7p onto origins.
In the second experiment, we addressed whether pre- not lead immediately to S-CDK activity because of the
CKI Sic1p, which is a potent inhibitor of S- and M-CDKs.mature activation of CDKs during G1 would interfere
with Mcm7p association with origins. There are two This CKI accumulates at the end of mitosis and persists
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Figure 6. Cdc6p Association with ARS Is Insufficient for Loading Mcm7p onto ARS
(A) Cdc6p but not Mcm7p associates with ARS1 in G2. G1 cells of strain K6727 (MATa/a GAL-HA3-CDC6 Dcdc6 [Piatti et al., 1996] MCM7-
Myc7) were isolated by elutriation 75 min after removal of galactose and then incubated in either YEPR (Gal2) or YEPRGal (Gal1) medium.
Cell extracts were divided into two aliquots, and each was subjected to immunoprecipitations by either anti-HA or anti-Myc antibodies (top).
Association of HA-Cdc6 (expressed from GAL promoter) with ARS1 was abolished by a mutation in ACS of ARS1 (data not shown).
(B) Cdc6p but not Mcm7p associates with ARS1 following synthesis of Cdc6p after the ªpoint of no return.º G1 cells of strain K6727 were
isolated by elutriation 90 min after removal of galactose and incubated in YEPR at 258C. After 0, 60, and 120 min ([0' Gal], [60' Gal], and [120'
Gal], respectively), galactose was added to a final concentration of 2% to aliquots of the cell culture. Times (min) show the time after starting
incubation of G1 cells in YEPR.
until its proteolysis is triggered in late G1 by accumula- origins. We then repeated the experiment with an other-
wise congenic strain lacking SIC1. This time, Mcm7-tion of Cln1pand Cln2p (Schwob et al., submitted).There
exists, therefore, a short interval between accumulation Myc failed to associate with origins when cells budded.
Furthermore, these cells failed to undergo DNA replica-of Cdc6p in late G1 and the disappearance of Sic1p.
This then is Cdc6p's ªwindow of opportunity.º tion (Figure 7B). Chromosome spreading also confirmed
that deletion of SIC1 in this strain prevented the associa-To test this hypothesis, we checked first whether the
loading of Mcm7p onto origins is delayed in HO-CDC6 tion of Mcm7p with chromosomes (data not shown). We
conclude that the precise timing of S-CDK activation iscells and secondwhether it is reduced or even abolished
by deleting the SIC1 gene. SIC1 is not essential, but it crucial for Mcm7p's binding to origins that is driven by
Cdc6p synthesized in late G1. Premature activation ofbecomes so when Cdc6p synthesis is driven solely by
the HO promoter (Schwob et al., submitted). We there- Clb5 and Clb6/Cdk1 kinases ªshutsº Cdc6p's window
of opportunity.fore used an Mcm7-Myc-expressing strain in which
Cdc6p was expressed from both the HO and GAL pro-
moters. From a culture that had been shifted 90 minutes Discussion
previously from galactose to raffinose, we isolated un-
budded G1 cells by centrifugal elutriation and incubated It has recently become clear that the mechanisms by
which eukaryotic cells ensure that origins fire no morethem in glucose-containing medium (GAL promoter off).
Unlike wild-type cells, Mcm7-Myc was not associated than once during the cell cycle involve not just CDKs
butalso their presumed substrates at replication origins.with origins in the starting population, but it bound to
them shortly before cells formed buds and replicated In both budding and fission yeast, S-CDKs persist from
the beginning of S phase until the end of mitosis. Thetheir DNA. Thus, changing the timing of Cdc6p synthesis
does indeed alter the timing of Mcm7p loading onto lack of origin firing during G2 cannot therefore be due
Mcm and Cdc6 Association with Replication Origins
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Figure 7. S- and M-CDKs Inhibit the Association of Mcm7p with ARSs
(A) Synthesis of the CKI Sic1 in nocodazole-arrested cells causes loading of Mcm7p onto ARS1 and ARS305. Wild-type (K6210) and GAL-
SIC1 (five copies; Dahmann et al., 1995; K6794) strains harboring MCM7-Myc7 were treated with nocodazole 15 mg/ml (noc.) in YEPR at 258C.
After arrest in G2/M phase was complete (3 hours), galactose was added to a final concentration of 2% (Gal1) or was not added in a control
(Gal2) (time 0 min). Templates for PCR were prepared from the immunoprecipitates derived from the same volume of formaldehyde cross-
linked cells at each time point (lanes 1±8) or from WCE (at 0 min; lanes 9 and 10). For K6794, samples were taken at 0 min (lanes 1 and 9)
and 120 min (lane 2) in YEPR plus nocodazole, at 60 min (lane 3), 120 min (lane 4), and 210 min (lane 5) in YEPRGal plus nocodazole, and at
210 min (lane 6) after transfer of a portion of the cells into YEPD (YEP plus glucose) plus nocodazole at 120 min. For K6210, samples were
taken at 0 min (lanes 7 and 10) and at 120 min (lane 8) in YEPRGal plus nocodazole. At 210 min in YEPRGal, almost all K6794 cells had 2C
DNA content (data not shown), 95% of them rebudded, and 69% of them had nuclear accumulation of Mcm7p. Almost all K6794 cells in
YEPR and K6210 cells in YEPRGal had 2C DNA content, less than 7% of them rebudded, and less than 3% of them had nuclear accumulation
of Mcm7p in all time points until 240 min (including those after the transfer into YEPD plus nocodazole at 120 min) (data not shown).
(B) Premature activation of S-CDKs inhibits Mcm7p's association with ARS1 and DNA replication, both of which are otherwise driven by
Cdc6p synthesized in late G1. G1 haploid cells of strains K6974 (SIC11) and K6994 (Dsic1; Schwob et al. 1994), whose genotypes were HO-
CDC6 Dash1 (Bobola et al., 1996) GAL-ubi-CDC6 Dcdc6 MCM7-Myc7, were isolated by elutriation 90 min after removal of galactose and then
incubated in either YEPRGal (Gal) or YEPD (Glc) medium. Both strains replicated their DNA in YEPRGal (data not shown). The activity of HO
promoter is not altered significantly by Dsic1 (data not shown).
to an absence of CDK activity. It is presumably due The formaldehyde cross-linking technique proved
sufficiently robust to measure the association of Cdc6pinstead to replication origins being in a state that no
longer responds to these CDKs. To measure the state and Mcm7p to ARS sequences as unbudded G1 cells
progress through the cell cycle. Cdc6p and Mcm7p areof replication origins during the cell cycle, we used im-
munoprecipitation of DNA cross-linked by formalde- bound to origins from the completion of cell division
until the onset of S phase, whereupon both dissociatehyde to epitope-tagged ORC, Cdc6, and Mcm proteins
as a means of measuring the binding of these three sets from origins and are absent throughout G2 and M
phases. The loading of Mcm7p depends on Orc5p,of proteins to specific DNA sequences in live yeast cells.
Our data demonstrate that these proteins all bind in Cdc6p, and another Mcm protein, Mcm5p. The loading
of Cdc6p depends on Orc5p but not on Mcm5p. Cdc6the vicinity of ARS1 and ARS305 but not to sequences
adjacent to these origins. Binding of all three proteins and Mcm7 proteins presumably associate with origins
as a consequence of the burst of Cdc6p's synthesisto ARS1 was abolished by a point mutation within its
ACS. This is the first demonstration that Cdc6 and Mcm during telophase. Cdc6p is synthesized in a second
burst during late G1, and this protein is also capable ofproteins bind specifically to chromosomal replication
origins. Mcm proteins are supposedly much more abun- promoting the loading of Mcm7p onto origins.
Expression of Cdc6p at high levels throughout the celldant than ORC and Cdc6p (Donovan et al., 1997), and
it had seemed possible that Mcms might bind through- cycle enabled it but, significantly, not Mcm7p to bind
ARS sequences throughout the cell cycle. Our detectionout the intervals between origins. Our data rule this out,
at least in yeast. of Cdc6p binding to origins during G2 and M phase
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contrasts with the failure of Cdc6p synthesis in nocoda- CDKsmight alter them so that they are no longer capable
of associating with origins. This phosphorylation mightzole-blocked cells to induce extended footprints at the
two-micron origin (Piatti et al., 1996). It is not, however, also reduce their uptake into the nucleus, at least in
yeast. Meanwhile, both ORC and Cdc6p associate withpossible to compare cells passing through a normal cell
cycle (as we have done) with nocodazole-blocked cells CDKs in yeast extracts (Leatherwood et al., 1996; Piatti
et al., 1996), and this might lead to a reduction in theirthat accumulate very high levels of CDK activity, and
therefore we do not believe that it is possible to conclude ability to catalyze the loading of Mcm proteins onto
origins.from this incongruence that the extended footprint re-
quires not only Cdc6 but also Mcm binding to origins. The dependence of Mcm7p origin loading on de novo
Cdc6p synthesis and its inhibition by S- and M-CDKsWe did notice that the association of Cdc6p with unrepli-
cated origins in cells that had formed buds and activated only make sense if these two regulatory mechanisms
are coordinated. Cdc6p synthesis is regulated primarilyCDKs took place more slowly than in G1 cells. Thus, it
is still possible that CDKs (or some other property of by transcriptional control of the CDC6 gene, whose ac-
tivity during telophase depends on the Swi5/Ace2 tran-G2 cells) inhibit to some extent the association of Cdc6p
with origins. scription factors and whose activity during late G1 de-
pends on SBF/MBF (Piatti et al., 1995). Both sets ofOur data suggest that there are at least two mecha-
nisms controlling the association of Mcm proteins with factors are inhibited by CDKs (Koch and Nasmyth, 1994).
For example, M-CDK activity excludes Swi5p and Ace2porigins during the cell cycle. The first is their occupancy
by Cdc6p, which due to its instability and cell cycle± from the nucleus during G2 and M phase. Cdc6p is
therefore only synthesized during an interval of the cellregulated synthesis fluctuates in abundance during the
cell cycle. Cdc6p made during G1 is rapidly degraded cycle in which S- and M-CDKs are inactive. Thus, the
inactivation of S- and M-CDKs during telophase bothduring S phase and is not resynthesized during G2 or
M phase (Piatti et al., 1995). The lack of Cdc6p in G2 activates Cdc6p synthesis and relieves the inhibition of
Mcm origin loading.and M presumably ensures that Mcm7p and other Mcm
The association of Mcm7p with origins is determinedproteins cannot bind to origins during these stages of
by both loading and unloading. Mcm7p is unloaded fromthe cell cycle. The absence of Mcm7p from origins in
origins during S phase. This process fails to occur inG2 and M phase, even when occupied by Cdc6p, dem-
dbf4 mutants, whose replication origins fail to fire de-onstrates that a second mechanism prevents Mcm7p
spite CDK activation being preceded by the loading ofbinding during these stages of the cell cycle. Two pieces
Mcm proteins onto origins. Thus, high CDK activity perof evidence suggest that CDKs, which are highly active
se, at least during the arrest of dbf4 mutants, does notduring these stages, are the culprits. First, artificial inac-
cause Mcm7p to be unloaded from origins. Some event,tivation of CDKs in nocodazole-blocked cells induces
presumably connected with the initiation process orthe loading of Mcm7p onto origins. Second, inactivation
movement of the replication fork, is required for Mcmof the CKI Sic1p, which leads to premature activation
unloading. The ability of Mcm proteins to remain associ-of S-CDKs, prevents the loading of Mcm7p onto origins
ated with unfired origins in the presence of CDK activitythat is otherwise induced by synthesis of Cdc6p during
could be vital for complete duplication of the genome.late G1.
Our findings put some flesh onto a previously skeletalOur conclusion that the loading of Mcm proteins onto
model for how replication origin refiring is tied to theorigins is inhibited by S- and M-CDKs is consistent with
separation of sister chromatids at anaphase. The sepa-recent observations on Xenopusegg extracts. Depletion
ration of sister chromatids and the inactivation of CDKsof cyclin B/Cdk1 from metaphase egg extracts enables
both depend on proteolysis mediated by the anaphase-Mcm-dependent replication of sperm chromatin (Mah-
promoting complex (Irniger et al., 1995). CDK inactiva-bubani et al., 1997), and raising the cytoplasmic level of
tion during anaphase/telophase leads to synthesis ofcyclinE/Cdk2 before nuclear assembly inhibits replica-
Cdc6p, which in the absence of CDKs promotes thetion of sperm chromatin and Mcm3 binding to chromatin
loading of Mcm proteins onto origins. Reactivation of(Hua et al., 1997). Furthermore, our observation that
S-CDKs in late G1 occurs after a second burst of Cdc6pCdc6p, in contrast toMcm7p, can be loaded onto origins
synthesis, which therefore gives cells a second chancein the presence of S- and M-CDK activity is consistent
to load Mcm proteins onto origins while S- and M-CDKswith the association of Xenopus Cdc6p (and no detect-
remain inactive. Reactivation of S-CDKs stops any fur-able association of an Mcm) with chromatin in 6-DMAP-
ther loading of Mcm proteins onto origins. Initiation re-treated extracts (Coleman et al., 1996; Rowles et al.,
leases Mcm proteins from origins, which cannot refire1996), which are thought to maintain some Cyclin
because Mcm proteins cannot be reloaded in the pres-B/Cdk1 activity (Mahbubani et al., 1997).
ence of CDKs. The next round must await inactivationWe have no clear idea how CDKs inhibit the process
of CDKs during anaphase. The crux of our model isof Mcm loading. CDKs could alter the properties of ORC,
clearly the inhibition of Mcm protein loading onto originsCdc6, or Mcm proteins themselves. The accumulation
by S- and M-CDKs. Even if this proves to be correct, itof Mcm proteins in the cytoplasm when CDKs are active,
cannot be excluded that yet other mechanisms contrib-which seems a peculiarity of yeast, suggests that the
ute to this vital aspect of the eukaryotic cell cycle.properties of yeast Mcm proteins are altered by CDKs.
Indeed, the phosphorylation of Mcm proteins fluctuates
Experimental Proceduresduring the cell cycle of vertebrate cells, and it is the
hypophosphorylated forms that associate with chroma- Strains
tin (Todorov et al., 1995; Coue et al., 1996; Henderickson All strains and media were as described by Schwob et al. (1994),
unless otherwise stated. ORC2, CDC6, and MCM7 were tagged withet al., 1996). Thus, phosphorylation of Mcm proteins by
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